The zucker diabetic fatty (ZDF-fa/fa) rat is one of the attractive models for type II diabetes based on impaired glucose tolerance caused by the inherited insulin-resistance gene fa. Characterization of nephropathy in this model may provide useful insights into the mechanism of the progression of diabetic nephropathy. The present study analyzed the pathophysiology of diabetes and nephropathy, including the process of glomerulosclerosis in this model by biochemical and morphometric analyses. In addition, we conducted studies in podocytes in culture to examine the direct effects of high glucose on podocytes. ZDF-fa/fa rats showed overt diabetes despite hyperinsulinemia as early as 3 months of age. Blood glucose levels increased further with a considerable decrease of insulin levels at 5 months. Glomerular filtration rate (GFR) was significantly elevated until 3 months, but fell to the level seen in lean rats by 7 months. Proteinuria started to rise during the period of increased GFR, and increased further after GFR had fallen to within the normal range. Renal fibronectin, collagen iv, and vascular endothelial growth factor mRNA levels were increased at 7 months. Glomerulosclerosis commenced as early as 5 months of age, and was associated with glomerular hypertrophy and mild mesangial expansion with evidence of accentuated podocyte injury, as revealed by increased expression of desmin. Electron microscopy suggested that degeneration of podocytes and the development of tuft adhesions were responsible for the glomerular sclerosis in this model. In addition, glomeruli from the diabetic rats showed up-regulation of the cyclin kinase inhibitors, p21 and p27. Further studies suggested that the increase in p27 expression was predominantly caused by podocytes, because predominant immunolocalization of p27 in podocytes in diabetic rats and high glucose medium induced cell hypertrophy accompanied by p27 up-regulation in differentiated podocyte cell lines. In conclusion, progressive diabetic nephropathy in ZDF-fa/fa rats is associated with evidence of podocyte injury. High concentrations of ambient glucose induced podocyte hypertrophy and stress in vitro, suggesting that the podocyte is a likely target of the diabetic milieu. (Lab Invest 2002, 82:25-35).
T he incidence of non-insulin-dependent diabetes mellitus (type II diabetes) is rapidly increasing world wide, particularly in Western countries (Ritz and Stefanski, 1996) . Approximately 35% of patients needing renal replacement therapy have nephropathy associated with type II diabetes (Ritz and Stefanski, 1996) . The rapid increase in the number of dialysis patients with diabetic nephropathy contributes importantly to rising medical costs, as well as adversely affecting the quality of life of such patients.
A dozen putative models of type II diabetes have been established, including ob/ob mice (Herberg and Coleman, 1977) , db/db mice (Hummel et al, 1996) , KK mice (Nakamura and Yamada, 1967) , Goto-Kakizaki rats (Goto et al, 1976) , obese zucker fa/fa rats (Godbole and York, 1978) , and Otsuka Long Evans Tokushima fatty (OLETF) rats (Kawano et al, 1972) . Most of these models have abnormalities of single or multiple genes related to obesity, abnormal glucose tolerance, and/or insulin resistance leading to high blood glucose levels (Fiedorek, 1996) . Although such models are useful in studying the early pathophysiology of type II diabetes, they are inadequate for examining progressive diabetic nephropathy with glomerulosclerosis. Indeed, OLETF rats showed persistent insulin resistance with glomerulosclerosis (Nakamura et al, 1997; Yagi et al, 1976) , whereas renal injury in these models appears in older rats. Furthermore, the question remains whether early pathophysiologic changes are directly linked to glomerulosclerosis in rodent models of diabetes.
Obese zucker fa/fa rats have an autosomal recessive mutation in the fa gene that encodes the leptin receptor and show hyperphagia, obesity, and hyperlipidemia, but only mild elevation of blood glucose levels (Godbole and York, 1978) . By crossbreeding obese zucker fa/fa rats with Wistar Kyoto rats, which are insulin-resistant and less tolerant to glucose, the zucker diabetic fatty (ZDF-fa/fa) rat was established (Ikeda et al, 1976) . Overt diabetes was found from an early stage in this model, despite compensatory hypersecretion of insulin, indicating insulin resistance. Consequently, exhaustion of insulin secretion with impaired glucose tolerance promotes overt diabetes as early as 8 weeks of age. This mimics the pathophysiologic profile of human type II diabetes. ZDFfa/fa rats spontaneously develop diabetic nephropathy characterized by heavy proteinuria with focal segmental glomerulosclerosis as early as 16 weeks of age (Vora et al, 1996) . However, the mechanism of progressive nephropathy in this model is unknown.
The present study was performed with the ZDF-fa/fa rats to investigate the pathophysiologic profile as a diabetic model, as well as the pathogenesis of glomerulosclerosis in this model. In addition, we tested the direct action of high glucose on podocytes using a differentiated mouse podocyte cell line. Our results suggested that progressive glomerulosclerosis in ZDF-fa/fa rats is based on podocyte damage. The direct action of glucose on differentiated podocytes in vitro suggested that podocytes are a primary target for the diabetic milieu and that podocyte injury accelerates the progression of glomerulosclerosis. Table 1 shows several parameters related to diabetic nephropathy in ZDF-fa/fa rats and lean rats 3, 5, 7, and 9 months old. ZDF-fa/fa rats had higher body weight than lean rats until 3 months, but they tended to be less heavy at 5 months of age and were significantly lighter at 7 months. Kidney weight was significantly higher in ZDF-fa/fa rats than lean rats at all time points examined. Despite the presence of hyperinsulinemia, blood glucose levels were significantly higher in ZDFfa/fa rats than in lean rats as early as 3 months. After 5 months, the elevation in the blood glucose levels was accelerated by a significant drop in plasma insulin levels. Proteinuria in ZDF-fa/fa rats was significantly higher at 5 months and was 8-fold higher at 7 months than in lean rats. Glomerular filtration rate (GFR) was significantly elevated in ZDF-fa/fa rats compared with lean rats at 3 and 5 months (approximately 1.9-and 1.7-fold higher, respectively). Notably, GFR in ZDFfa/fa rats returned to a level similar to that in lean rats at 7 months. There was no significant difference in mean arterial pressure (MAP) between diabetic and lean rats at all time points examined.
Results

Parameters
Renal Histology
Glomerulosclerosis occurred as early as 5 months of age and tended to increase with age in the diabetic animals, whereas it was only rarely seen in the lean rats. Morphometry revealed that the incidence of sclerosis was significantly elevated in the diabetic rats with increased glomerular volume (GV). In addition, desmin score was significantly higher in the diabetic rats compared with the lean animals as early as 5 months and continued to increase thereafter (Fig. 1, A to C) . We found good correlation between GV versus percentage glomerulosclerosis (p Ͻ 0.05), GV versus desmin score (p Ͻ 0.01), and percentage glomerulosclerosis versus desmin score (p Ͻ 0.01) in ZDF-fa/fa rats (Fig. 1, D to F) .
The stepwise development of glomerulosclerosis in ZDF-fa/fa rats is shown in Figure 2 as revealed by high-resolution light microscopy. The earliest glomerular changes in ZDF-fa/fa rats were glomerular enlargement with mild mesangial widening found as early as 5 months. Podocytes showed droplet inclusions and pseudocysts to some extent. Segmental sclerosis was built on tuft adhesion to Bowman's capsule on a background of an increased incidence and severity of podocyte injury as revealed by desmin expression. Mesangial expansion was mild at best and insufficient for mesangial sclerosis or mesangial nodules as typically found in human diabetic nephropathy. Synechiae extended to segmental sclerosis and glomerular obsolescence with hyaline deposition. Electron microscopy revealed frequent degeneration and detachment of podocytes in nonsclerotic glomeruli. In the area of synechiae, the glomerular basement membrane (GBM) showed a covering by parietal epithelial cells. In the sclerotic segment, the glomerular tuft was collapsed with extensive denudation of GBM (Fig. 3) . No electron-dense deposits were observed. Interstitial fibrosis and tubular atrophy with inflammatory infiltration tended to be spatially associated with glomerulosclerosis. Immunostaining for desmin was conspicuous in the podocytes in nonsclerotic glomeruli in ZDF-fa/fa rats (Fig. 4) . Hydronephrosis or necrotizing granulomatous lesions were absent in all animals. Figure 5 shows a Northern blot of the kidney cortex mRNA for fibronectin, type iv collagen, and VEGF in ZDF-fa/fa and lean rats. In ZDF-fa/fa rats, mRNA levels of fibronectin, type iv collagen, and VEGF tended to increase with age. Collagen iv and VEGF mRNA levels of ZDF-fa/fa rats at 5 months were significantly higher than those of lean rats. At 7 months of age, levels of all these mRNA in ZDF-fa/fa rats were significantly increased compared with lean rats.
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Expression of Fibronectin, Type iv Collagen, and Vascular Endothelial Growth Factor (VEGF) mRNA
Glomerular Expression of Cyclin-Dependent Kinase Inhibitors
Western blot analysis revealed that expression of p21 and p27 was significantly increased in ZDF-fa/fa rats compared with lean rats (1.58 Ϯ 0.23, p Ͻ 0.05, and 1.78 Ϯ 0.13, p Ͻ 0.01, respectively; Fig. 6 ). The levels of p57 were unchanged (1.04 Ϯ 0.06 levels in lean rats). In addition, immunostaining of p27 in the glomeruli of diabetic rats showed predominant localization in podocytes (data not shown).
Effects of High Glucose on Immortalized Mouse Podocyte Cell Line under Nonpermissive Condition
Immortalized mouse podocytes under permissive conditions with normal glucose (NG) revealed a cobblestone appearance ( 3 H-thymidine incorporation was not different among the three treatment groups. In contrast, 3 H-leucin incorporation under high glucose conditions was significantly elevated compared with cells treated with NG or NG with mannitol (MN) (Fig. 7B ). Western blotting analysis showed that p27 levels were significantly higher in podocytes with high glucose than in normal glucose, whereas p21 and p57 levels did not differ among the three groups. Quantitative analysis by densitometry of Western blots gave the following results Morphometric analysis of glomeruli in ZDF fa/fa (□) and lean rats (Ⅵ). Incidence of glomerulosclerosis (A), desmin score (B), and glomerular volume (GV) (C) was significantly higher in ZDF-fa/fa rats compared with the lean controls as early as 5 months and increased further thereafter. **p Ͻ 0.01, *p Ͻ 0.05. The lower panels show the correlation between the percentage glomerulosclerosis and glomerular volume (D), percentage glomerulosclerosis and desmin score (E), and glomerular volume and desmin score (F).
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Discussion
Reflecting the genetic abnormality of the fa gene and glucose intolerance, ZDF-fa/fa rats showed high blood glucose levels despite considerable hyperinsulinemia at an early stage of disease. At a later stage, plasma insulin levels dropped significantly and blood glucose levels were further elevated. The physiologic profile of insulin resistance and glucose intolerance is similar to human type II diabetes. In addition, this model showed an earlier occurrence of glomerulosclerosis than any other model of diabetes. However, the mechanism of glomerulosclerosis in this model was not known.
Diabetic nephropathy in general is characterized by renal hypertrophy, hyperfiltration, proteinuria, and progressive glomerulosclerosis. In the present study, ZDF-fa/fa rats showed significant renal hypertrophy compared with lean rats as early as 3 months of age. The levels of fibronectin, collagen type IV, and VEGF mRNA in the kidney were elevated in ZDF-fa/fa rats, as previously reported in other models of diabetes (Cohen et al, 1995; Tsuchida et al, 1999) . In addition, ZDF-fa/fa rats showed a transient increase in GFR level in the early to middle stages of the disease, with glomerular hypertrophy indicating the presence of hyperfiltration. Onset of proteinuria and glomerulosclerosis was associated with hyperfiltration, but both proteinuria and sclerosis continued to increase after apparent normalization of GFR. This indicated that hyperfiltration in the early stage of disease contributes to the evolution of nephropathy and progressive glomerulosclerosis in the late stage may not be due to hyperfiltration per se, or that continuing hyperfiltration compensates poorly for progressive glomerulosclerosis. Notably, blood pressure was not elevated in diabetic animals compared with the lean controls throughout the experiment. In addition, body weight was transiently higher in the diabetic rats at 3 months and dropped to the level of the lean rats before glomerulosclerosis became advanced. Thus, the diabetic milieu, but not hypertension or obesity, may be a predominant factor in promoting progressive nephropathy in this diabetic model.
The mechanism responsible for the glomerulosclerosis seen in this model has not been determined. Previously, Vora et al (1996) reported glomerulosclerosis in ZDF/Drf-fa rats, the same strain as used in the present study. Although Vora and colleagues did not focus on the mechanism of glomerulosclerosis, they suggested that hydronephrosis or necrotizing lesions were involved in the progressive glomerulosclerosis in these animals. However, our animals did not show hydronephrosis or necrotizing lesions. In addition, our diabetic rats showed renal and glomerular hypertrophy with hyperfiltration, indicating the occurrence of diabetic nephropathy. Glomerulosclerosis in this model was established on tuft adhesion to Bowman's capsule and the degree of mesangial widening was generally mild and insufficient to cause development of intracapillary mesangial sclerosis or Kimmelstiel Wilson nodules, which are the typical feature of glomerulosclerosis in human diabetes. In contrast, desmin immunostaining, a marker of podocyte injury (Yaoita et al, 1990) , was significantly elevated with proteinuria and glomerular hypertrophy. Electron microscopy indicated that the early glomerular changes in this diabetic model were podocyte injury that led to detachment of podocytes and tuft adhesion. These features are the characteristics of recently defined podocyte-oriented common pathway to glomerulosclerosis (Kriz et al, 1994) . Notably, glomeruli from the diabetic animals showed up-regulation of cyclindependent kinase inhibitor (CKI), p21, and p27 by Western blot. This finding was consistent with recent observations showing up-regulation of CKI in diabetic mice (Kuan et al, 1998; Wolf et al, 1998) . The p27 are predominantly expressed in podocytes within the glomeruli to stabilize the cell cycle of these terminally differentiated cells (Nagata et al, 1998 ) and immunostaining for p27 in diabetic animals showed predominant expression in podocytes. Up-regulation of p27 has been found in the model of experimental membranous glomerulonephritis, a model of podocyte injury (Shankland et al, 1997) . We found strong immunostaining of p27 in the remnant glomeruli of crescentic glomerulonephritis (Nitta et al, 1999) . In addition, p27 knockout mice developed more severe renal damage (Ophascharoensuk et al, 1998) . Finally, re-entry of podocytes into the cell cycle has been found to result in heavy proteinuria and glomerulosclerosis (Kriz et al, 1995) . From these observations, it is Renal histology and desmin expression in lean and ZDF fa/fa rats. Representative renal histology (HE) and glomerular desmin expression in lean rats (A), ZDF-fa/fa rats (fa/fa), (B) at 5 months. ZDF-fa/fa rats showed glomerulosclerosis with focal tubular atrophy, interstitial fibrosis and inflammatory infiltrates accompanied by segmental glomerulosclerosis. Desmin was strongly expressed in podocytes with some vacuolation in ZDF-fa/fa rats at 5 months (D), whereas staining was minimal in the lean rats (C). Original magnification, A and B, ϫ200; C and D, ϫ350.
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tempting to speculate that elevation of p27 in the glomeruli in the diabetic rats in our study is a cellprotective phenomenon in podocytes, reflecting the presence of injury or stress in vivo. Taken together, the present study suggests that ZDF-fa/fa rats demonstrate progressive glomerulosclerosis associated with type II diabetic phenotype via a mechanism based on podocyte injury.
Mesangial nodular lesions, characteristic features of human diabetic nephropathy, were not seen in ZDFfa/fa rats. In this context, it may be noteworthy that the early glomerular changes in zucker fa/fa rats and Goto Kakizaki rats with type II diabetes were characterized by podocyte injury without apparent mesangial expansion (Coimbra et al, 2000; Phillips et al, 1999) . We suggest that rats are not susceptible to mesangial nodular lesions in overt diabetes, and that podocyte damage may be a distinct pathology of diabetic milieu in rodents.
The importance of podocyte injury for progressive diabetic nephropathy in type II diabetes has also been noted in humans. Recent reports suggested that podocyte loss was important for the progression of glomerulosclerosis in Pima Indians with type II diabetes Pagtalumn et al, 1997) . However, the morphometric data of these reports did not provide evidence regarding the mechanism of podocyte loss, for example, whether podocytes loss was the result of degeneration and detachment due to the direct action of high glucose on the podocyte. Nakamura et al (2000) reported that podocytes in the urine are correlated with disease activ-
Figure 5.
Northern blotting analysis of fibronectin, collagen type iv, and VEGF mRNA at 3, 5, 7, and 9 months in kidneys from ZDF-fa/fa (fa/fa) and lean rats (lean). Equivalent amounts of total RNA (15 g/lane) of each sample were analyzed by Northern blot hybridization using three cDNA probes or a ␤-actin cDNA probe. A, Results of one representative experiment are shown. B, The intensity of each band was calculated with an image analyzer in relation to the ␤-actin mRNA level. Results represent means Ϯ SEM of three independent experiments and the ratios are expressed as percentages of the value for age-matched lean rats. *p Ͻ 0.05, **p Ͻ 0.01 versus lean.
Figure 6.
Expression of p21, p27, and p57 at 5 months in glomeruli from ZDF-fa/fa (fa/fa) and lean rats. Equivalent amounts (40 g/lane) of each sample were analyzed by Western blotting analysis. The results were derived from three rats from each group. Western blotting was independently performed five times. Representative data of one experiment are shown. Quantitative and statistical data are described in the text.
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Laboratory Investigation • January 2002 • Volume 82 • Number 1 ity in diabetic nephropathy, suggesting that the diabetic milieu damages podocytes in humans. Many factors may be synergistically involved in podocyte injury in the diabetic condition. In fact, we found good correlation between glomerular volume and desmin score in ZDFfa/fa rats. This suggests that diabetes-induced glomerular hypertrophy is one of the factors promoting podocyte injury in this model, as previously shown in the remnant kidney model (Nagata and Kriz, 1992) . In addition, the present study tested for the first time the direct effects of high glucose on cellular changes in podocytes in vitro. Using differentiated mouse podocytes cultured under nonpermissive conditions, we found that podocytes underwent cell hypertrophy, but not hyperplasia, with up-regulation of p27. Lack of p21 up-regulation under high glucose in the podocyte cell line was consistent with the previous findings that mesangial cells were the predominant cells expressing p21 in diabetic conditions in vitro and in vivo (Kuan et al, 1998) . Because mannitol-treated cells were not hypertrophic and showed no elevation of p27 compared with normal glucose-treated cells, these cellular changes in cultured podocytes were likely to be due to the direct action of glucose on podocytes, rather than being due to high osmolality. This result supported the notion that p27 up-regulation in ZDF-fa/fa rats may be partly due to direct action of glucose on podocytes. Although the mechanism responsible for the up-regulation of p27 in podocytes induced by high glucose is unknown, upregulation of p27 in podocytes may reflect glucoseinduced cellular changes (stress or injury?) in podocytes. Further studies are needed to characterize the "stress" in podocytes in a high-glucose environment.
In conclusion, the present study characterized for the first time that podocyte damage is the underlying mechanism responsible for the promotion of progressive diabetic nephropathy in ZDF-fa/fa rats. In addition, the action of high glucose on podocytes in vitro suggested that glucose-induced podocyte stress is one of the factors promoting nephropathy in type II diabetes.
Materials and Methods
Animals and Experimental Protocol
Seven-week-old ZDF-fa/fa rats and ZDF-lean male rats (lean, as a control) were obtained from Genetic Models (Indianapolis, Indiana). All rats were kept in temperature-and humidity-controlled rooms and were fed standard chow ad libitum. Three groups of ZDFfa/fa rats and three groups of lean (six in each) rats were studied at the ages of 3, 5, 7, and 9 months. In each experimental period, body weight, proteinuria, blood glucose, and insulin levels were measured. On the next day, GFR was estimated by inulin clearance and animals were then anesthesized by Nembutal (Dainippon Seiyaku Co., Osaka, Japan) and killed to obtain kidney samples. Kidneys were fixed in formalin or 2.5% glutaraldehyde for histology or snap frozen and stored at Ϫ80°C until extraction of total RNA and protein.
Measurement of GFR and Blood Pressure
GFR was determined by inulin clearance (Davidson and Sackner, 1963) . Briefly, the rats were anesthetized with intraperitoneal injection of pentobarbital sodium (30 mg/kg). Catheters were then inserted into the left carotid artery for blood pressure monitoring and blood sampling, and into the urinary bladder for urine collection. Four percent of inulin in normal saline was infused with 0.03 ml per minute for 50 minutes via suprajugular vein. Then, successive clearance studies in 20 minutes were performed twice. The concentrations of inulin in the plasma and urine were determined according to the anthrone reaction.
Histopathology
Formalin-fixed kidney slices were embedded in paraffin, sectioned, and stained with hematoxylin-eosin and periodic acid-Schiff. Mean glomerular volume in each animal was calculated from the value of mean planar area in all glomerular profiles in random sections with a computer using the method of Weibel as previously described (Nagata and Kriz, 1992) . Approximately 200 glomeruli were included in each section. Incidence of glomerulosclerosis was determined by percentage of sclerotic glomeruli for all glomerular profiles in single sections (213 Ϯ 5 glomerular profiles) in each rat. To estimate the extent of podocyte injury, desmin immunostaining with anti-desmin monoclonal antibody (DAKO, Gostrup, Denmark) was performed by the standard immunostaining procedure (Nagata et al, 1998; Yaoita et al, 1990) . Desmin in each nonsclerotic glomerulus was scored from 0 to 3 based on the relative intensity of immunolabeling. The average value of the desmin score in 50 randomly selected nonsclerotic glomeruli in each animal was taken to represent the degree of podocyte injury. The profile of each animal was masked at histologic examination. Immunolabeling of p27 (Santa Cruz Biochemicals, Santa Cruz, California) was performed with the same protocol.
RNA Isolation and Northern Blot Hybridization
Total RNA was isolated from frozen kidney samples by acid guanidinium isothiocyanate extraction (Chomczynski and Sacchi, 1998). Aliquots of 15 g of total RNA were subjected to electrophoresis in 1.2% agarose/ formaldehyde gels at 80 V for 3 to 4 hours, and transferred for 12 to 16 hours to charged nylon membranes (zeta-probe blotting membrane). The cDNA probes for rat fibronectin, collagen type iv, and VEGF were synthesized by PCR using specific oligonucleotide primers and rat kidney cDNA as a template. The primer pairs were: for fibronectin, sense, 5'-ttt tga caa cgg gaa gca tta tca gat aa-3', and antisense, 5'-tga tca aaa cat ttc tca gct att gg-3'; for collagen type iv, sense, 5'-ctc tgg gga caa cat ccg-3', and antisense, 5'-tct tct cat gca cac ttg gc-3'; and for VEGF, sense, 5'-atg aac ttt ctg ctg tct tgg gtg cat tgg-3', antisense, 5'-tca ccg cct cgg ctt gtc aca-3'. These PCR products were subcloned with a TA cloning kit (Invitrogen, Carlsbad, California), and their nucleotide sequences were confirmed by comparison with data in NCBI. cDNA was excised by EcoRI and labeled with [␣-32 P]dCTP by extension of random hexamer primers (Amersham Pharmacia Biotech, Piscataway, New Jersey). Blots were washed twice (0.1 ϫ SSC, 65°C, 15 minutes) and hybridization signals were detected and quantified with the BAS2000 system (Fuji Film, Tokyo, Japan). All results were corrected using ␤-actin as the standard cDNA probe (CLONTECH, Palo Alto, California). For each sample, the experiment was repeated three times.
Biochemical Analysis
Urine was collected in metabolic cages for 24 hours. Proteinuria was measured with a protein assay kit (Bio-Rad, Tokyo) and bovine serum albumin was used as a standard. Insulin concentrations were measured using an enzyme-linked immunosorbent assay (EIA) kit for insulin (Morinaga, Yokohama, Japan). Blood glucose levels were measured with a ␤-glucose analyzer (Wako Chemical, Tokyo, Japan).
Cell Culture
The immortalized mouse podocyte clone was a generous gift from Dr. Mundel (Mundel et al, 1997) and was maintained in Dulbecco's modified Eagle's medium (DMEM, low glucose type; Invitrogen) supplemented with 10% FBS and 10 U/ml recombinant mouse IFN-␥ (Sigma, St. Louis, Missouri) at 33°C. To induce differentiation, podocytes were resuspended on type I collagen-coated dishes (Iwaki Glass, Tokyo, Japan) at 37°C without IFN-␥ (nonpermissive condition). After 7 days under nonpermissive conditions, the majority of cells showed arborized shape and expressed synaptopodin (Mundel et al, 1997) .
H-Thymidine and H-Leucin Incorporation
Podocytes cultured under nonpermissive conditions for 4 days were used for the experiment. After most of the cells showed an arborized shape, they were starved in DMEM containing 0.2% BSA and 0.4% FCS for 48 hours. Then, the cells were incubated with NG (5.5 mM), HG (25 mM), or MN (19.5 mM), which served as an osmotic control for HG, for 18 hours. Cells were incubated with either 3 H-thymidine or 3 H-leucin (1 ci/ml; Amersham Pharmacia Biotech) for 6 hours and the incorporation was counted by liquid scintillation counter (Hoshi et al, 2000) .
Western Blotting
Glomeruli of 5-month-old ZDF-fa/fa and lean rats (three in each group) were isolated by the standard sieving method. The glomeruli or cultured podocytes were rinsed with PBS(-) and lysed with ice-cold buffer containing 0.1% TritonX-100, 0.4 M NaCl, 20 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml antipain, 1 g/ml pepstatinA, and 1 g/ml chymostatin, and homogenized with 50 strokes in a Dounce homogenizer at 4°C. Then, samples were centrifuged at 10,000g for 5 minutes and supernatants were measured by protein assay (Bio-Rad, Hercules, California). Aliquots containing 40 g of protein from the glomerular extracts or 10 g of protein from the podocyte extracts were subjected to electrophoresis on 10% to 20% SDS gels. Protein was transferred onto polyvinylidene fluoride microporous membranes (Immobilon-P; Millipore Corporation, Bedford, Massachusetts). The membranes were incubated with antip21cip1(Santa Cruz), anti-p27kip1 (Transduction Laboratories, Lexington, Kentucky), anti-p57kip2 (Santa Cruz), or anti ␤-actin antibody (Sigma), and then horseradish peroxidase-linked donkey anti-mouse or anti-rabbit IgG antibody. Protein was visualized using an enhanced chemiluminescence kit (ECL Western blotting detection reagents; Amersham Pharmacia Biotech). Blots were scanned with an Image Master-CL (Amersham Pharmacia Biotech) and analyzed with NIH Image 1.55. Signal intensities in control lanes were arbitrarily assigned a value of 1.00. Western blotting was independently repeated five times with qualitatively similar results.
Statistical Analysis
ANOVA was used to assess the significance of differences between groups. The paired t test was used to assess the significance of difference within each group. The correlation coefficient was analyzed by Spearman rank correlation. Data are given as means Ϯ SEM. Statistical significance was assumed at p Ͻ 0.05 (*) and p Ͻ 0.01 (**).
